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1 •Introduction ,,

Computational scientists and design engineers face recurring problems of specifying, con-

structing, testing and modifying numerical programs. Scientists often don't know in advance

what objects and processes must be modeled in numerical simulation programs. Design en-

gineers often don't know in advance the best way to formulate objectives, constraints and

search spaces that are used in programs for automatic design optimization. Both types of

professional typically take an experimental approach to the problem. They develop one pro-

gram, experimentally examine its behavior, and subsequently modify it many times before

arriving at a program that is adequate to the task at hand. The process of coding and

revising such programs is extremely time-consuming because they are almost always written

in conventional programming languages. Furthermore, the resulting programs are difficult

to modify and reuse on other problems. In practice, this limits the range of problems that

scientists and engineers are able to solve using computational techniques.

The "Toolbox and Record for Scientific Model Development" is intended to address these

problems. It supports construction, testing, application and revision of programs for scien-

tific computation and engineering design. The system features a user interface with tools

for interactively constructing and testing programs that simulate and optimize the behavior

of physical system. The system generates a record of the program construction, revision

and testing process. The record encodes the series of programs that were constructed, the

assmnptions on which they are based, the tests that were applied and additional documen-

tary information. The record is subsequently referenced by tools for controlling application

of programs and by tools for revising programs to handle new situations. The system is

based on three distinct })odies of research: (1) Deductive synthesis of nmnerical simula-

tor:s; (2) Interactive formulation of design optimization strategies; and (3)Knowledge-based

management of legacy codes.

2 Deductive Synthesis of Numerical Simulators

The behavior of many physical systems can be specified in terms of algebraic and ordinary

differential equations. Simulators for such systems can often be constructed from combina-

tions of integration and root-extraction routines. In one body of work [Elhnan and Murata,

J

/



1997], [Ellman and Murata, 1996], we extended the technology of deductive program synthe-

sis to handle problems of this type. Deductive synthesis operates by proving that for every

legal input there exists an output satisfying the program specification. As a side effect,

the theorem prover generates a program for computing the output from the input. We ad-

dressed two important technical issues in extending deductive synthesis to problems of this

type. First, we needed to decide what portion of mathematical analysis must be formally

axiomatized. We developed an axiomatization that captures only the relation between inte-

gration and differentiation, as inverses of each other. A complete axiomatization of analysis

was not needed. Second, we needed to choose a logical formalism that would be sufficient

for reasoning about second-order functions like integration and root extraction, which take

functions as inputs. We developed an approach that uses first-order horn logic: Functions

are reified as objects and coded as lambda expressions. The knowledge base includes a the-

ory of lambda term equality in order to reason about functions. This approach avoids using

a computationally cumbersome higher-order logic. We implemented and successfully tested

the system on a variety of realistic simulation problems in the domains of sailing yachts and

jet aircraft, as well as several synthetic problems. This research demonstrates that deduc-

tive synthesis can be extended to handle specifications in the form of algebraic and ordinary

differential equations and implementation languages including second-order functions.

3 Interactive Formulation of Design Optimization Strategies

Numerical design optimization algorithms are not generally reliable when applied to prob-

lems with pathologies, such as ridges, discontinuities, plateaus or non-evaluable regions.

Design engineers may nevertheless obtain reliable results on such problems by carefully for-

mulating search spaces, objective functions and constraints. Unfortunately, current software

tools provide little support for this formulation process. In a second body of work [Ellman et

al., 1996], [Ellman et al., 1995], we adapted program transformation technology to develop

an environment for interactive formulation, testing and reformulation of design optimiza-

tion strategies. Our system includes a language for representing optimization strategies that

involve multiple search spaces at different levels of abstraction; multiple objective and con-

straint functions at different levels of approximation; and multiple stages of optimization.

Our system also includes a catalog of transforms for converting one strategy into another, and

a mechanism for keeping track of strategy derivations and computational experiments. We

used the system to construct and test a variety of strategies for designing sailing yachts and

jet-engine nozzles. We used a statistical method to evaluate the rehabihty of these strategies

in terms of expected CPU time to obtain a specified level of design quality. Our results

demonstrate a factor of 5 speedup in the yacht domain, and a factor of 3 - 10 speedup in the

nozzle domain, depending on the desired level of quality. We view this v_ork as an important

first step in automating the entire strategy formulation process. To begin with, our system

relieves engineers of the burden of coding strategies in conventional programming languages.

In addition, our strategy language formalizes hitherto informal strategies for improving the

reliabihty of numeric design optimization. Finally, this research provides a framework for

posing questions for future research and codifying the results of future experiments.



4 Knowledge-Based Management of Legacy Codes

Systems for automated design optimization of ,complex real-world objects can, in principle,

be constructed by combining domain-independent numerical routines with existing domain-

specific analysis and simulation programs. Unfortunately, Such "legacy" analysis codes are

frequently unsuitable for use in automated design. They may crash for large classes of input,

be numerically unstable or locally non-smooth, or be highly sensitive to control parameters.

To be useful, analysis programs must be modified to reduce or eliminate only the undesired

behaviors, without altering the desired computation. To do this by direct modification

of the programs is labor-intensive, and necessitates costly re-validation. In a third body

of work[Keane and Ellman, 1996], [Keane, 1996], we implemented a high-level language

and run-time environment that allow failure-handling strategies to be incorporated into

existing Fortran a_d C analysis programs while preserving their computational integrity. Our

approach relies on globally managing the execution of these programs at the level of discretely

callable functions so that the'computation is only affected when problems are detected.

Problem handling procedures are constructed from a knowledge base of generic problem

management strategies. We showed that our approach is effective in improving analysis

program robustness and design optimization performance in the domain of conceptual design

of jet engine nozzles.

5 Summary of Benefits

We expect several long term benefits to result from ,this research. To begin with, our system

includes interactive program development tools that promote more rapid development of

new programs for scientific computation and engineering design. Our system also maintains

a record of the program development process, and the assumptions on which it is based,

which promotes more reliable use of such programs by scientists and engineers. We also

expect the use of such records to promote wider sharing of programs within communities of

scientists and engineers. Finally, we expect that our research will ultimately promote deeper

understanding among scientists and engineers of the properties and behavior of the programs

they use in their day to day work.
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